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We present a comparative study of the structural parameters characterizing thin macromolecular
adsorbed films that are obtained from two optical techniques: optical waveguide lightmode
spectroscopy ~OWLS! and scanning angle reflectometry ~SAR!. We use polyelectrolyte multilayers
and polyelectrolyte multilayers/protein films to perform this study. The comparison between the
information obtained with the two methods is possible because the buildup of the polyelectrolyte
multilayers is known to become substrate independent after the deposition of the first few
polyelectrolyte layers. The analysis of the optical data requires usually to postulate a refractive index
profile for the interface. Two profiles have been used: the homogeneous and isotropic monolayer and
the bilayer profiles. When the refractive index profile of an adsorbed film is well approximated by
a homogeneous and isotropic monolayer, as shown by using an analysis of the deposited films in
terms of optical invariants, the two optical techniques lead to similar values for the film thickness
and the optical mass. The situation is more complex in the case of the multilayers/protein films for
which the calculated parameters can strongly depend upon the refractive index profile that is
postulated to analyze the optical data. Whereas the optical mass and, to a lesser extent, the thickness
seem fairly model independent for OWLS, they appear to be extremely sensitive to the model for
SAR. For proteins deposited on top of the polyelectrolyte film, optical mass and protein thickness
were found to be comparable when determined by OWLS and by SAR using the bilayer model. The
data analysis of the SAR curves with the monolayer model leads to much larger and even physically
unreasonable film thicknesses and optical masses. This was particularly noticeable for proteins
having a large size ~human serum albumin and fibrinogen!, whereas both models lead to similar
results for small sized proteins. By means of the different refractive index profiles, we show that
great care must be taken in the physicochemical interpretation of the structural parameters
determined by these optical techniques. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1375156#I. INTRODUCTION
Interactions between macromolecules such as polymers,
polyelectrolytes or proteins and solid surfaces are of primary
importance in many fields of material sciences as for ex-
ample in the design of new coatings of biomaterials1,2 or in
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Downloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject the stabilization of colloidal solutions. Great effort has thus
been devoted to understand and model adsorption kinetics
and to follow the structure of the adsorbed films during their
buildup. Optical techniques such as surface plasmon
resonance,3,4 ellipsometry,5,6 reflectometry ~SAR!,7–9 and
more recently optical waveguide lightmode spectroscopy
~OWLS! ~Refs. 10–12! are often used to determine the spa-
tial extension of the adsorbed films and their optical mass.
For a review of these techniques in the protein adsorption
domain the reader is referred to Ref. 11. All these optical
techniques are based on the light reflection properties of the6 © 2001 American Institute of Physics
to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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refractive index profile of the deposited film. This is best
highlighted by the expressions of the reflection coefficients
of thin films in terms of optical invariants, which were intro-
duced independently by Lekner,13 and by Bedeaux and
Vlieger.14 Unfortunately, no technique allows getting a direct
access to the refractive index profile. One merely has to pos-
tulate a family of profiles which are characterized by differ-
ent parameters and one then adjusts these parameters in such
a way that they allow to account best for the experimental
optical data. The most commonly used profile family is that
of homogeneous and isotropic monolayers, which are char-
acterized by a thickness, dA , and a refractive index, nA . In
the case of macromolecular adsorption, the adsorbed amount
is proportional to (nA2nC)3dA , where nC corresponds to
the refractive index of the solution far from the surface. In
the following this quantity will be denoted as the ‘‘optical
mass,’’ although it has the dimension of a length. This model
can, however, usually only constitute a first approximation.
Its validity is usually difficult to test and it has only been
demonstrated recently for very specific films by making use
of optical invariants for SAR, in particular of the invariant
denoted by F.15,16 This invariant is equal to 0 for a homoge-
neous and isotropic monolayer and different from 0 when the
refractive index profile of the film departs from this model. It
has been shown that multilayers of polyelectrolytes obtained
by the alternate deposition of polyanions and polycations on
a solid surface are characterized by values of F close to 0,16
whereas when albumin is adsorbed on these films, the invari-
ant F departs greatly from 0, indicating that, in this latter
case, the homogeneous and isotropic monolayer no longer
accounts correctly for the refractive index profile.16 It is then
no longer known what is exactly determined by the different
optical techniques, each technique being sensitive to a spe-
cific feature of the refractive index profile. This latter point
is, again, best seen by making use of optical invariants. They
appear naturally as Gibbs excess quantities in the develop-
ment expansion of the optical properties of a surface in a
series of (L f /l), l being the wavelength of light and L f
corresponding to the characteristic spatial extension of the
interface.13,14 One can show that there exists one optical in-
variant of order 1 in (L f /l), usually denoted by J1 , and two
independent optical invariants of order 2. Ellipsometry ap-
pears to be mainly sensitive to J1 . On the other hand, SAR is
sensitive to a combination of J1
2 and of the two second order
invariants, the signal being thus sensitive exclusively to sec-
ond order terms in (L f /l). An analysis of OWLS in terms of
optical invariants is currently under way17 and it appears that
OWLS is sensitive to a combination of optical invariants
different from the one corresponding to ellipsometry or to
SAR. An adsorption process followed by two optical tech-
niques, both being analyzed by making use of the same den-
sity profile family for the interpretation of the data, could
lead to different results for both the spatial extension of the
adsorbed film and the optical mass. Because many of the
physicochemical analyses of the systems that were reported
in the literature rely closely on the optical mass and on the
adlayer thickness, it is of great interest to compare their val-
ues for identical systems obtained by different optical tech-Downloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject niques. This goal was very difficult to reach up to now since
different optical techniques require working with different
solid substrates as adsorption surfaces and adsorption pro-
cesses are usually very sensitive to the nature of the adsorb-
ing surface. The development of polyelectrolyte
multilayers18 offers now a unique opportunity to reach this
goal. Indeed, the buildup of polyelectrolyte multilayers ap-
pears to become surface independent after the adsorption of
the first few layers, as it was theoretically predicted by
Castelnovo and Joanny.19 The goal of this article is to com-
pare the structural parameters obtained by SAR and by
OWLS and related to polyelectrolyte multilayers and to mul-
tilayers on which proteins have been adsorbed. The polyelec-
trolyte multilayers should behave almost as homogeneous
and isotropic monolayers whereas the multilayers with pro-
teins are expected to have more complex refractive index
profiles. Two refractive index profiles, the homogeneous and
isotropic monolayer and the bilayer model will be applied to
SAR and OWLS data. Such a bilayer analysis is developed
for the first time for OWLS data which have been, up to now,
usually examined with a simplified homogeneous and
isotropic10,11,20 or anisotropic21,22 monolayer model.
II. DESCRIPTION OF THE OPTICAL TECHNIQUES
A. Optical waveguide lightmode spectroscopy OWLS
OWLS has been extensively described10,11 and will only
be summarized here. A laser beam is directed on the diffrac-
tion grating incorporated in a planar optical waveguide. The
guiding layer ~F! of thickness dF is deposited on a planar
glass substrate ~S! and is in contact, on the other side, with a
solution contained in a holder supported by the waveguide.
The adlayer ~A!, in our case polyelectrolyte multilayers, can
be deposited on the waveguide surface. The waveguide
sealed in the sample holder is mounted on a goniometer al-
lowing the variation of the incidence angle u i between the
laser beam and the diffraction grating. At certain discrete
values of u i between the laser beam and the normal to the
grating, the beam diffracted from the grating matches a pos-
sible guided mode ~TE or TM! and incoupling takes place.
To each incidence angle corresponds an effective refractive
index N given by
N5sin u i1ll/L , ~1!
where l represents the diffraction order, equal to 1 in our
experimental condition, l corresponds to the wavelength of
the light and L is the grating constant. The power coupled
into the waveguide is measured with a photodiode situated
on both ends of the waveguide. The values of these matching
angles u i correspond to effective refractive indexes N(TE)
and N(TM) which are the solutions of the phase equation for
both the transverse electric ~TE! and the transverse magnetic
~TM! polarizations,
2kz ,FdF1FS ,F1FF ,A52pm , ~2!
where m is the order of the guide, all the quantities entering
in this equation being functions of N. All the guides used in
our experiments are monomode guides so that m can only
take the value 0. FS ,F and FF ,A represent the phase shiftsto AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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substrate/waveguide ~S,F! interface and to the waveguide/
film ~F,A! interface respectively. kz ,F (kz ,F5k0(nF2 2N2)1/2)
represents the component perpendicular to the interface of
the wave vector in the guide. The values of N(TE) and
N(TM) depend on the refractive index profile of the film
deposited on the oxide layer. The method used for calculat-
ing these phase shifts is given in Appendix A.
B. Scanning angle reflectometry SAR
SAR is an optical technique in which one measures the
reflected intensity of a TM-wave around the Brewster angle.
The method has been extensively described extensively
elsewhere7,8 and will only be summarized here. For an inter-
face characterized by an abrupt change of the refractive in-
dex ~Fresnel interface!, the reflected intensity at the Brewster
angle vanishes totally. Once an adlayer is deposited on the
interface, the reflectivity coefficients of the interface change.
One observes, in particular, a nonvanishing reflected inten-
sity at the Brewster angle and, in addition, a change in the
shape of the reflectivity curves around the Brewster angle.
By measuring these changes one gets structural information
about the adlayer. This constitutes the principles of SAR.
More precisely, one determines the reflected intensity around
the Brewster angle before adsorption of a film. This leads to
a reflectivity curve corresponding to a perfectly abrupt inter-
face with the reflected intensity following the relation:
I~u!5I01aR~u!, ~3!
where R(u) represents the intensity reflectivity coefficient of
a TM-wave, given by the Fresnel law. The curve measured
before adsorption is used to determine the apparatus param-
eters I0 and a and the refractive index of the transmission
medium, nC . Following the determination of these param-
eters the adsorption process can take place. Then, one deter-
mines again the reflectivity curve after the film deposition,
R(u) appearing in Eq. ~3!, corresponding now to the inten-
sity reflectivity coefficient of the interface in the presence of
the film. We used both a monolayer and a bilayer model to
evaluate R(u). Its calculation procedure is given in Appen-
dix A. The coefficient R(u) is a function of the parameters
defining the refractive index profile ~adlayer thickness, re-
fractive index, ...!. The refractive index profile describing
best the reflectivity curves is obtained by minimizing the
function x2 characterizing the quality of the fit with respect
to these parameters. This function is defined by23
x25
1
Na (i S Iexp~u i!2Imod~u i!s010.01Iexp~u i! D
2
, ~4!
where s0 corresponds to the background noise and Iexp(ui)
and Imod(u i) represent the measured and the predicted re-
flected intensities at the incidence angle u i , respectively. The
sum runs over the Na incidence angles for which the re-
flected light intensity was measured.Downloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject III. MATERIALS AND METHODS
A. Materials
1. Polyelectrolyte solutions
Anionic poly~sodium 4-styrenesulfonate! ~PSS, MW
560 000!, cationic poly~allylamine hydrochloride! ~PAH,
MW570 000!, and cationic poly~ethyleneimine! ~PEI, MW
560 000! were purchased from Aldrich. Sodium chloride
~purity >99.5%! was purchased from Fluka, and Tris~hy-
droxymethylaminomethane! ~Tris! from Sigma. All the
chemicals of commercial origin were used without further
purification. Ultrapure water ~Milli-Q-plus system, Milli-
pore! was used for buffer and solution preparation, as well as
in the different cleaning steps. The resistivity of the water
was approximately 18.2 MV cm. All the buffer solutions
were degassed under vacuum and filtered before use. The
polyelectrolytes were either dissolved in 0.9 M NaCl in wa-
ter, or in 1022 M Tris ~pH 7.35! in the presence of 0.15 M
NaCl at a concentration of 5 mg/ml.
2. Proteins
Proteins adsorption experiments were performed at
pH7.35 in 1022 M Tris containing 0.15 M NaCl.
a-lactalbumin ~a-LA, L6010, MW514 200 Da, pI54.3!,
human fibrinogen ~FIB, F4883, MW5340 000 Da, pI55.8!
and lysozyme ~LSZ, L6876, MW514 600 Da, pI511.1!
were purchased from Sigma. Human serum albumin ~HSA,
MW569 000 Da, pI54.6! was provided in concentrated so-
lutions ~20 g/100 ml! for intravenous injection ~prepared and
purified by the Cohn’s method24! from the Center de Trans-
fusion Sanguine of Strasbourg ~France!; its purity was con-
trolled by gel electrophoresis. All proteins were dissolved
without further purification.
Protein solutions were always deposited either on a posi-
tive terminating film, e.g., PEI-~PSS-PAH!3, or on a negative
terminating film, e.g., PEI-~PSS-PAH!3-PSS, at concentra-
tions ranging from 12 to 25 mg/100 ml. After uptake, the
adsorbed layer was rinsed with a pure buffer solution of the
same ionic strength ~0.15 M NaCl! as the adsorption solu-
tion.
B. Experimental setup
1. OWLS experiments
The core of the homebuilt experimental setup is an
input-grating sensor whose principle has been described
previously.11,21 The linearly polarized light of a 5 mW
He–Ne laser ~Melles-Griot, Boulder, USA!, wavelength of
632.8 nm, is incoupled into a 48316 nm2 planar monomode
waveguide chip made from Si0.8Ti0.2O2 ~ASI-2400, Artificial
Sensing Instruments, Switzerland! at 45° with respect to the
normal of the waveguide, in order to excite simultaneously
the zeroth transverse electric ~TE! and transverse magnetic
~TM! guided modes. The coupled light is collected at both
ends of the waveguide by photodiodes ~Hamamatsu, Bridge-
water, USA!. The incidence angle is varied by mechanical
rotation of the waveguide achieved by means of a computer-to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
1089J. Chem. Phys., Vol. 115, No. 2, 8 July 2001 Structural parameters characterizing thin filmscontrolled, high precision translation stepped motor ~0.1 mm
resolution! ~Microcontroˆle, Evry, France!, leading to an an-
gular precision of 431025deg.
The waveguiding layer of thickness dF’170 nm and
with a refractive index nF’1.77 is supported by a glass sub-
strate ~refractive index nS51.52578!. On this waveguiding
film of high refractive index, one adsorbs in a first step an
adlayer corresponding to a polyelectrolyte multilayer ~refrac-
tive index nA , thickness dA!. In a second step, an additional
adlayer of proteins is deposited ~refractive index nB , thick-
ness dB! on the top of the polyelectrolyte multilayer. The
presence of these adlayers perturbs the evanescent field at the
guide/solution interface and leads to a highly sensitive
change of the effective refractive indices N(TE) and N(TM)
of the guided modes.
Each experiment is preceded by a cleaning procedure of
the waveguides by dipping them first in a 1022 M sodium
lauryl sulfate ~SDS! solution during 15 min, followed by a
second dipping ~15 min! in 1021 N, HCl both in a boiling
water bath. This cleaning procedure ends on an extensive
ultrapure water rinse and a drying with a nitrogen stream.
The waveguide is then introduced in its holder and connected
to a three holes sealed cover ~injection port, buffer entrance
port, and buffer exit port tubes!. The measuring cell is tightly
sealed to the chip by a circular perfluorinated O-ring
~‘‘Kalrez,’’ Du Pont, Wilmington, USA! and has an internal
volume of 37 ml. Buffer is flushed through the cell at a
constant flow rate ~10 ml/h! with a syringe pusher. The tem-
perature is recorded by a sensor embedded in the waveguide
holder. The temperature variations ~smaller than 60.2 °C! do
not lead to significant refractive index changes ~data not
shown!. Data collection is pursued in the presence of buffer
until an absolute variation of less than 1025 on the values of
N(TE) and N(TM) is observed. These baselines are used to
calculate the waveguide parameters nF and dF with the
three-layer ~substrate, guide, buffer! mode equations,10
knowing the buffer refractive index, nC , which is measured
with an RFM 340 refractometer ~Bellingham-Stanley, Kent,
UK!.
After one reaches a stable baseline with the buffer flow-
ing through the cell, the buildup of the polyelectrolyte mul-
tilayers film is performed as follows:
~i! The buffer flow is stopped and 100 ml of the PEI
solution is directly injected in the cell through the
injection port. N(TE) and N(TM) values increase and
reach a plateau after about 10 min. When a stable
adsorption signal was obtained, the buffer flow is re-
started for 15–20 min to rinse the excess material
from the cell.
~ii! In the same way we continue with the alternate ad-
sorption of negatively charged PSS and positively
charged PAH on the waveguide. Thus, progressively
PEI-PSS, PEI-~PSS-PAH!1, PEI-~PSS-PAH!1-PSS,...
layers are deposited. The adlayer obtained after the
deposition of the nth pair of layers is noted
PEI-~PSS-PAH!n .
~iii! The buildup of the film is stopped either after the
deposition of a positively charged PEI-~PSS-PAH!3 orDownloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject a negatively charged PEI-~PSS-PAH!3-PSS layer to be
in the same conditions as for the SAR experiments
~see Sec. III B 2!. On the so-formed multilayer film,
proteins are further adsorbed under a continuous flow
in the measuring cell ~10 ml/h! for about 2 h. The
solution is then replaced by the buffer solution for 2
additional hours. These durations are sufficient to en-
sure that the adsorption process leveled off and that a
plateau is reached at rinsing.
2. SAR experiments
The scanning angle reflectometer used in this study has
been described in detail elsewhere.23 Briefly, the light from a
He–Ne laser is polarized in the incidence plane ~TM-
polarized! before entering nearly perpendicularly through
one face of a prism and reflecting on its hypotenuse. The
light beam leaves then the prism through another face, again
almost perpendicularly. A further polarizer selects the TM-
wave, and the resulting beam passes through a 200-mm pin-
hole to fall onto a photodetector. The prism rotates with a
high precision goniometer, changing the incidence angle,
while the position of the detector is adjusted to follow the
reflected beam. The reflectivity is measured at a series of
discrete incident angles, typically spaced by 0.025° intervals,
over a range of 1° around the Brewster angle. At this angle,
approximately 42.5° for the silica/water interface, the reflec-
tivity of an abrupt, flat interface is zero. The signal around
the Brewster angle is thus most sensitive to the presence of
interfacial films.
Each experiment is preceded by a cleaning step of the
silica prism during 15 min at 100 °C in a 1022 M SDS solu-
tion. This procedure is followed by an extensive ultrapure
water rinse. The prism is then brought in contact during 15
min at 100 °C with 1021 M HCl and finally extensively
rinsed with ultrapure water.
The silica surface is first brought in contact with the
buffer solution and the reflectivity curve corresponding to the
Fresnel ~abrupt density profile! silica/buffer solution inter-
face is measured for calibrating the apparatus and for deter-
mining the refractive index of the buffer solution (nC). The
buildup of the polyelectrolyte multilayers film is then real-
ized as follows:
~i! First 50 ml of a PEI solution is flowed for 20 min. The
flow is then stopped, and after 30 min of contact with
the silica surface, the PEI solution is replaced by 50
ml of buffer solution, which stays in contact with the
prism for 20 min.
~ii! Afterward, PSS and PAH are alternatively adsorbed
on the PEI coated silica surface by using the same
procedure as described for PEI. The subsequent inter-
action time between the polyelectrolyte solution and
the silica surface are reduced to 15 min ~instead of 30
min in the PEI case!. Thus, progressively PEI-PSS,
PEI-~PSS-PAH!1, PEI-~PSS-PAH!1-PSS,... layers are
deposited.
~iii! For protein adsorption, the buildup of the film is
stopped either after the deposition of a positively
charged PEI-~PSS-PAH!3 or a negatively chargedto AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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curves are determined for about 16 h allowing the film
to reach full equilibrium. The choice to stop the
buildup of the polyelectrolyte film after 7 or 8 layers
~including the initial PEI layer! is due to the fact that
typically only few layers, depending on the precise
buildup conditions, are required to obtain a good re-
producibility from one preparation to another.23
~iv! The protein solution is then flowed over the polyelec-
trolyte film and kept in its contact for several hours.
During this time period the reflectivity curve is con-
tinuously acquired in order to follow the adsorption of
proteins on the film. Once the adsorption process lev-
els off, the protein solution is replaced by the buffer
solution. Reflectivity curves are again continuously
determined for several hours.
IV. RESULTS AND DISCUSSION
A. Films with an expected homogeneous and
isotropic monolayer refractive index profile
The buildup of PEI-~PSS/PAH!n multilayers was fol-
lowed by OWLS. The evolution of the values of the effective
refractive index N(TM) is represented in Fig. 1. As the ad-
sorption process is fast and as the determination of a reflec-
tivity curve by SAR takes about 4 min, we could not follow
the adsorption process by SAR and then determined the re-
flectivity curves only after 15 min of adsorption of each
polyelectrolyte ~30 min for PEI!. Both OWLS and SAR data
were analyzed by assuming that the polyelectrolyte multilay-
ers behave as homogeneous and isotropic monolayers. Typi-
cal evolutions of the thickness dA and of the optical mass
(nA2nC)3dA of the film during a buildup process are
shown in Fig. 2. The thickness and mass corresponding to
multilayers films up to PEI-~PSS-PAH!2-PSS and determined
by SAR were very scattered. Some of the points do even not
appear on the graph since they are out of scale. This is due to
the fact that the reflectivity curves for these multilayers were
FIG. 1. Raw N~TM! signal obtained during the in situ buildup of a poly-
electrolyte PEI-~PSS-PAH!3-PSS multilayer film as measured by the OWLS
technique, as a function of the time. The polyelectrolytes PEI, PSS, and
PAH were used at a concentration of 5 mg/mL in a 1022 M Tris buffer
containing 0.15 M NaCl. The alternate deposition process was performed for
15 min adsorption and 15 min rinsing steps. The baselines ~used for the
calculation of the waveguide parameters! and the successive rinsing of the
layers were achieved under flowing buffer at 10 mL/h, T524.5 °C. Arrows
indicate the rinsing with buffer.Downloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject only very slightly different from the Fresnel reflectivity
curves. Their analysis becomes thus very difficult, the varia-
tions of the reflected intensities being practically not distin-
guishable from the noise. The weakness of the signal corre-
sponding to these first few layers can be explained by the
fact that the variation of the reflectivity coefficient around
the Brewster angle due to adsorption is proportional to
(L f /l)2 and not to (L f /l) itself.13,14 In addition, the refrac-
tive index of the deposited layers is very close to that of the
silica of the prism (nS51.45718) used as the adsorption sub-
strate. If the refractive index of the deposited layers would be
exactly equal to that of the prism, no signal variation at all
would be observed. In striking contrast to SAR, OWLS al-
lows to follow the whole build up process accurately already
after the deposition of the first polyelectrolyte layer.25,26
After the deposition of the PEI-~PSS-PAH!2-PSS
multilayer, the thickness and optical mass of additional PAH
and PSS layers appear to vary linearly, whether measured
with one or the other of the two techniques, as was already
suggested for this system by others.21,27 The layer thick-
nesses determined by both techniques become almost identi-
cal, whereas the optical mass differs by a constant quantity
over the whole buildup process. This constant difference can
be due to the fact that the adsorption process of the first
deposited layers depends on the deposition substrate which is
different for both techniques, the following deposition steps
FIG. 2. Comparison of an OWLS and a SAR experiment for a
PEI-~PSS-PAH!5 polyelectrolyte multilayer film buildup prepared in 0.9 M
NaCl with polyelectrolytes at 5 mg/mL concentration. Data were analyzed
by means of the homogenous and isotropic monolayer model which allows
the refractive index nA and the adlayer thickness dA to be determined. The
optical mass (nA2nC)3dA is directly calculated from these parameters. ~A!
Evolution of the polyelectrolyte film thickness dA during the different steps
of the PEI-~PSS-PAH!5 film buildup as obtained by SAR ~d! and by OWLS
~h! as a function of the number of layers deposited on PEI: ‘‘1’’ means
PEI-PSS, ‘‘2’’ means PEI-~PSS-PAH!, ‘‘3’’ means PEI-~PSS-PAH!-PSS, ...,
‘‘10’’ means PEI-~PSS-PAH!5. ~B! Evolution of the optical mass (nA2nC)
3dA for the same buildup obtained by SAR ~d! and by OWLS ~h! ~wave-
guide parameters: nF51.7732, dF5177.73, nC51.3418!.to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
1091J. Chem. Phys., Vol. 115, No. 2, 8 July 2001 Structural parameters characterizing thin films
Downloaded 26 ATABLE I. Determination of the optical parameters characterizing polyelectrolyte multilayers built in situ. The
notation PEI-~PSS-PAH!n means that n pairs of PSS/PAH layers have been deposited on a precursor PEI film.
The analysis of the data obtained using SAR or OWLS, by means of the homogeneous and isotropic monolayer
model ~see Appendix A!, leads to the polyelectrolyte film thickness dA and refractive index nA , and to the
corresponding optical mass (nA2nC)3dA (mean6standard error). Indicated are also the ionic strength @NaCl#
and the number of experiments N.
Film architecture
@NaCl#
~M! N nA
dA
~nm!
(nA2nC)3dA
~nm!
PEI-~PSS-PAH!3 SAR 0.15 16 1.48660.002 17.4060.80 2.6560.14
OWLS 0.15 7 1.50760.008 18.2360.72 2.9860.15
PEI-~PSS-PAH!3-PSS SAR 0.15 7 1.48960.002 20.4060.70 3.1760.12
OWLS 0.15 5 1.50260.005 21.3060.92 3.5560.18
PEI-~PSS-PAH!5 SAR 0.9 1 1.494 43.74 6.72
OWLS 0.9 1 1.480 44.02 6.05being independent of the nature of the adsorbing surface, as
has been shown theoretically.19 The comparison of the struc-
tural parameters relative to different multilayers and deter-
mined by both techniques is summarized in Table I. The
average values ~computed on the basis of N experiments! of
the layer thickness, the refractive index and the optical mass
obtained from OWLS and SAR show good agreement. The
thicknesses agree within 6% and the adsorbed amounts
within 12% for the different types of polyelectrolyte multi-
layers films. As to the refractive indices, the values lie in the
range 1.480–1.519 for OWLS compared to 1.480–1.490 for
SAR.
An analysis of the SAR curves by making use of the
optical invariants allows to determine the evolution of the
invariant F ~see Appendix B for a brief description of this
quantity! over the buildup process ~Fig. 3!. Disregarding the
first points corresponding to the multilayers up to
PEI-~PSS-PAH!2-PSS, which are unreliable due to the small
signal difference with the Fresnel curve, one observes that F
becomes close to 0 after the deposition of a few polyelectro-
lyte layers indicating that the model of an homogeneous and
isotropic monolayer should be fairly valid for these systems.
For this reason, it is not surprising that both SAR and OWLS
give similar values for the structural parameters of these
FIG. 3. Evolution of the optical invariant F calculated from SAR reflectivity
intensity curves during the buildup of a PEI-~PSS-PAH!5 multilayer film in
the presence of 0.9 M NaCl ~same conditions as in Fig. 2!.ug 2003 to 193.50.153.36. Redistribution subject films. As a further step, it is also of interest to compare the
structural parameters determined on films that are expected
to have a more complex refractive index profile.
B. Films expected to have more complex refractive
index profiles
In order to obtain films with more complex refractive
index profiles, we adsorbed different proteins on the poly-
electrolyte multilayers films. We used two proteins of small
size, the a-LA (3.733.233.5 nm3)25 and LSZ (4.633.0
33.0 nm3!,25 a protein of intermediate size, the HSA (12
32.732.7 nm3),25 and a large size protein, the FIB (4539
39 nm3!.28 Moreover, the different conformations of the
proteins, i.e., the globular HSA, or the fibrous FIB are ex-
pected to have a significant influence on the structure of the
adsorbed protein layer.26 The structure of the multilayers/
protein films were then analyzed using the homogeneous and
isotropic monolayer and the bilayer models. In this latter
case, the refractive index and the thickness of the first layer
constituting the bilayer, which corresponds to the polyelec-
trolyte multilayer, were fixed to the values found before pro-
tein adsorption, i.e., nA and dA , respectively.
Optical parameters defining the protein film @index nB ,
optical thickness dB , and optical mass (nB2nC)3dB# are
gathered in Table II. The thickness and the optical mass for
the adsorbed proteins as determined by using the monolayer
model correspond to the differences of the corresponding
amounts estimated after and before protein adsorption. One
can first observe that the adsorbed quantities determined by
OWLS are similar for both models. The optical thicknesses
derived by the two models remain also comparable for the
smaller sized proteins whereas they can vary by up to 40%
for the largest sized ones ~HSA, FIB!. In this latter case, a
finer analysis shows that the monolayer model leads to thick-
nesses smaller than those derived with the bilayer model,
whereas the refractive indices are higher. Nevertheless, both
models give values which are physically reasonable, taking
the characteristic size of the proteins into account.
When considering SAR data, the optical thicknesses and
masses are systematically larger when the monolayer model
is used, as compared to the bilayer model, except for the LSZ
where very similar values are obtained. The differences even
increase with the size of the protein and can reach 350% forto AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
1092 J. Chem. Phys., Vol. 115, No. 2, 8 July 2001 Picart et al.TABLE II. Optical thickness (dB), refractive index (nB), and optical mass (nB2nC)3dB for four proteins: a-lactalbumin ~a-LA!, lysozyme ~LSZ!, human
serum albumin ~HSA!, and fibrinogen ~FIB! adsorbed onto PEI-~PSS-PAH!3 or PEI-~PSS-PAH!3-PSS multilayers, measured by SAR and by OWLS. Nega-
tively charged a-LA and FIB were adsorbed on a positive PAH terminating film. LSZ and HSA were adsorbed on a negative PSS terminating film. The optical
parameters (dA ,nA) for the polyelectrolyte precursor film are also given for each experiment. The optical parameters for the protein film (dB ,nB ,
(nB2nC)3dB) were calculated both with the homogeneous and the isotropic monolayer ~M, data in italics! and with the bilayer model ~B!.
Protein
concentration
~mg/100 mL! nA
dA
~nm!
Model
nB
dB
~nm!
(nB2nC)3dB
~nm!
SAR OWLS SAR OWLS SAR OWLS SAR OWLS SAR OWLS SAR OWLS
a-LA 20.1 18.1 1.487 1.519 14.50 18.33 B 1.469 1.463 10.66 11.71 1.43 1.52
M 1.476 1.506 15.79 10.67 2.10 1.56
21.4 23.06 1.486 1.515 15.74 15.06 B 1.468 1.440 10.85 12.52 1.44 1.33
M 1.476 1.495 16.36 10.50 2.16 1.37
LSZ 24.4 20.3 1.490 1.491 17.64 20.40 B 1.489 1.449 3.74 5.09 0.58 0.58
M 1.490 1.486 3.64 4.61 0.56 0.58
24.9 25.6 1.487 1.500 18.70 24.44 B 1.484 1.489 3.95 3.40 0.60 0.53
M 1.487 1.500 4.06 3.33 0.60 0.50
HSA 22.74 26.5 1.488 1.494 21.60 20.02 B 1.434 1.437 8.52 4.40 0.86 0.43
M 1.471 1.489 23.71 3.70 2.89 0.45
25.6 1.518 19.28 B 1.399 6.01 0.36
M 1.508 3.49 0.38
FIB 11.05 12.50 1.486 1.500 16.48 17.80 B 1.456 1.415 29.20 28.07 3.55 2.27
M 1.464 1.449 61.80 22.94 7.71 2.23the thickness and mass ~HSA and FIB! found with the mono-
layer model if compared to the bilayer model.
By comparing SAR and OWLS, the bilayer model gives
the most similar values for all the protein thicknesses. The
best agreement is found for the two smaller sized proteins
~LSZ and a-LA! for which the same optical thicknesses and
masses are found with the bilayer model applied to SAR and
to OWLS data. Again, there are some discrepancies for the
two larger proteins ~HSA and FIB! with up to 100% higher
masses determined by SAR as compared to OWLS.
The fact that the bilayer model leads to the most similar
optical parameter values, whether applied to OWLS or SAR
experimental data, tends to prove that it represents a first
reasonable approximation for the analysis of the optical
properties of a complex architecture film, such as a polyelec-
trolyte multilayers/protein assembly.
In order to better understand these results, we deter-
mined the evolution of the invariant F during the adsorption
process. Typical examples for the adsorption of a-LA, LSZ,
HSA, and FIB are shown in Fig. 4. One observes that F
remains close to 0 for the a-LA and LSZ, whereas F reaches
values of one order of magnitude higher for the intermediate
case of HSA and two orders of magnitude higher for FIB.
Moreover, the sign of F is different for HSA and FIB. We
are, however, unable to relate the sign of F to structural
characteristics of the film. The fact that F greatly departs
from 0 indicates that the refractive index profile for the larg-
est sized protein deviates strongly from the homogeneous
and isotropic monolayer model. This result could have been
expected since FIB is a molecule with an elongated shaped,
which can adsorb in ‘‘end-on’’ or in ‘‘side-on’’ configura-
tions. As a consequence, for such a complex deposition pro-
cess, even a bilayer model seems oversimplified. One can
also notice that FIB is a protein for which the discrepancies
in the optical parameters obtained by the monolayer and bi-
layer models are the most striking, especially when deter-Downloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject mined by SAR. On the other hand, F departs only slightly
from 0 for a-LA. This should explain why, for this protein,
the predictions of the monolayer and the bilayer models are
of the same order of magnitude for both experimental tech-
niques.
V. CONCLUSION
As a conclusion, it can be underlined that great care
must be taken when using structural parameters determined
from optical techniques for a fine physicochemical analysis
of adsorption processes. When the refractive index profile of
the adsorbed film is well approximated by an homogeneous
and isotropic monolayer, different optical techniques should
lead to similar conclusions. This is the case for the buildup of
FIG. 4. Evolution of the optical invariant F, as a function of the deposition
duration, calculated from SAR reflectivity intensity curves during the depo-
sition of four proteins, two large sized proteins ~FIB, .; HSA ,! and two
small sized proteins ~a-LA, d; LSZ, O!. FIB and a-LA were adsorbed on
top of a PEI-~PSS-PAH!3 multilayer film, whereas HSA and LSZ were ad-
sorbed on a PEI-~PSS-PAH!3-PSS multilayer film, in 1022 M Tris buffer
with 0.15 M NaCl.to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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by a single layer with defined optical properties using the
monolayer model in SAR and OWLS. When the profile be-
comes more complex, the experimentally determined param-
eters characterizing the film can strongly depend on the
model postulated for the analysis. Our results suggest that
the optical parameters determined by OWLS are fairly model
independent, both models giving masses and thicknesses of
the same order of magnitude. This is not the case for SAR
which is extremely model sensitive, particularly when the
deposition of large sized proteins on top of the polyelectro-
lyte films is analyzed. For the small proteins, the monolayer
and bilayer models lead to predictions of the structural pa-
rameters which are of the same order of magnitude for both
experimental techniques. In contrast, when the monolayer
model is not appropriate, based on an invariant analysis, no-
tably for large proteins, OWLS and SAR lead again to simi-
lar structural parameters when the bilayer model is used.
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APPENDIX A
Both SAR and OWLS require to calculate the amplitude
reflectivity coefficients of the interface on which the multi-
layers are deposited. In SAR only the coefficient for the TM
wave is needed, whereas for OWLS the coefficients are
needed for both the TE and the TM waves. These reflectivity
coefficients are defined by
r5
Er
Ei
, ~A1!
where Ei and Er represent, respectively, the amplitude of the
electric field of the incident and of the reflected waves. The
amplitude reflection coefficient is a complex number and can
be written under the form,
r5uruexp~ iF!. ~A2!
In SAR, one measures uru2 as a function of the incidence
angle around the Brewster angle, and the phase shift F is the
quantity that enters in Eq. ~2! for OWLS. In this latter case,
because the reflection takes place under total reflection con-
ditions, uru51.
In order to calculate r one usually postulates a refractive
index profile. Such a profile can be approximated as a se-
quence of n homogeneous and isotropic adlayers, each ad-
layer i(1<i<n) being characterized by a refractive index ni
and a thickness di . The refractive index of the incidence
medium ~oxide layer for OWLS, silica for SAR! will be
denoted by nF and that of the solution in contact with the
adlayer by nC . The reflectivity coefficients can be calculatedDownloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject by a matrix method developed by Born and Wolf.29,30 In this
method each layer i is characterized by two matrices,
Ii5S 1 1ki
ni
2r 2
ki
ni
2r
D ~A3!
and
Li5S exp~ ikidi! 00 exp~2ikidi! D , ~A4!
where r50 for a TE wave and r51 for a TM wave. The
incident medium ~resp. solution! is characterized by one ma-
trix IF ~resp. IC!, where the index i in expression ~A3! is
replaced by F ~resp. C!. The quantity ki represent the coor-
dinate of the wave vector in the ith layer perpendicularly to
the interface. It satisfies the relation
ki
21k0
2N25ni
2k0
2
, ~A5!
where k052p/l , l being the wavelength of light and N
representing the effective refractive index. In the case of
SAR, N is given by N5nF sin uF and ki is given by
ki5k0~ni
22N2!1/2. ~A6!
In the case of OWLS, N5nF sin uF1l/L and
ki5ik0~N22ni
2!1/2. ~A7!
In this latter case, at least one of the ki’s is imaginary since
the reflection takes place under total reflection conditions.
The amplitudes of the incident and reflected electric fields
are then obtained by
S EiEr D}IF21.I1.L1.I121.I2.L2.I221flIn.Ln.In21.ICS 10 D . ~A8!
From this matrix multiplication one directly deduces a vector
proportional to (Er
Ei ). This allows the amplitude reflection co-
efficient r to be determined. In the case of a perfectly abrupt
interface ~Fresnel interface!, as for instance in SAR before
the layer deposition, and in OWLS for the silica/waveguide
interface, relation ~A8! becomes
S EiEr D}IF21.IC.S 10 D , ~A9!
which directly leads to the Fresnel laws of reflection.
APPENDIX B
Usually, one analyzes optical data relative to thin films
by assuming a refractive index profile. It would, however, be
of interest to characterize the adsorbed film by parameters
which are independent of the model used to analyze the ex-
perimental data and which do not depend on the optical
method used for the investigation. Such parameters exist and
are called optical invariants. The optical invariants are excess
quantities in the sense of Gibbs. These parameters are the
ones that characterize optically the interface and that are in-
dependent of the location of the Gibbs dividing surface. They
have been introduced independently by Lekner13 for strati-
fied media and by Bedeaux and Vlieger14 in their most gen-to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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expansion of the reflection properties of an interface, L f be-
ing the characteristic extension of the interface and l the
wavelength of light.
For an interface of spatial extension L f small compared
to the wavelength of light, the intensity reflection coefficient
for TM waves can be written in the general form,
RTM5r0
22
8QFQC~«C2«F!k02
«F«C~QF1QC!4 H F12«F «F1«C«C«F sin2 uFG
3FJ231S «F«C«F1«C2«F sin2 uFD J22G
2
«F
2 sin4 uF
2«F«C~«F2«C!
J1
2J , ~B1!
where r0 corresponds to the Fresnel amplitude reflection co-
efficient in the absence of an adsorbed layer. The index FDownloaded 26 Aug 2003 to 193.50.153.36. Redistribution subject ~respectively, C! has been chosen for the incidence ~respec-
tively, transmission! medium, « i representing the relative di-
electric constant of the medium i. The dielectric constant « i
is related to the refractive index ni by « i5ni
2 and Qi is given
by
Qi5k0 cos u i /ni . ~B2!
The parameters J1 , J22 , and J23 are the so-called optical
invariants. J1 is an optical invariant of first order in (L f /l),
whereas J22 and J23 are second order invariants. Using the
expressions of the invariants in terms of the refractive index
profile, Mann et al.15 have constructed a new invariant de-
noted by F, which is equal to zero when the refractive index
profile of the interface is identical to a monolayer profile.
The expression of F is given byF512
~«F2«C!H 2J232 «F~«F2«C!«F1«C J22J H 2J231 «F~«F2«C!«F1«C J22J
2J1
2H J231 «F«C«F1«C J22J
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